This study deals with the spherical crystallization process by the quasi-emulsion mechanism, applied to a pharmaceutical. The objective is to produce spherical agglomerates made of a number of small crystals of the drug, having properties adequate for direct compression when manufacturing tablets. The aim of this work is to make the link between the process and these properties. The different steps occurring in the process are the fortnation of an emulsion whose droplets are made of the drug dissolved in a solvent, the creation of the supersaturation of the drug in the droplets by mass and heat transfer and the nucleation, growth and agglomeration of drug crystals inside the droplets.
Introduction
In order to improve particle properties, new processescombining granulation and crystallization are being developed. This work deals with the spherical crystallization process by the quasi-emulsion mechanism applied to ketoprofen, apharmaceutical drug [ I] . This process allows production of spherical grains made of small crystals of a drug that have adequate properties for direct compression when manufacturing tablets [ 2, 3] .
The different steps occurring in the process are first the formation of an emulsion (the droplets are made of the drug dissolved in a good solvent and the continuous phase contains a poor solvent of drug and emulsifier), then the creation of the supersaturation of the drug into the droplets by mass and heat transfer, and finally the nucleation, the growth and the agglomeration of drug crystals inside the droplets [ 11.
The experimental apparatus of the batch quasi-emulsion process is shown on Fig. 1 . It is made up of four parts: a dissolution vessel (I) , a transfer device (II), a crystallizer (III) and a pressurizing device (IV).
The dissolution vessel ( I-1) is a reactor, 250 ml in volume, with an internal diameter of 60 mm in which the ketoprofen is dissolved in pure acetone. A cooler (I-5) prevents loss of acetone by evaporation. The crystallizer (III) is a 2.5 I capacity baffled vessel with an internal diameter of 1.50 mm. This vessel contains initially the aqueous solution. These tworeactors have baffles (1-2 and M-2) and marine propellers (I-3 and 111-3). The width of the baffles is equal to I /IO the internal diameter of reactors. The diameter of the propellers has been chosen in order that the ratio D,lD,. is between 0.4 and 0.6, so the propeller of the dissolution vessel has a diam- eter equal to 40 mm and the propeller of the crystallizer 60 mm.
The organic phase is poured into the aqueous phase by means of two devices: a pressurized device (IV) and a flowing down device (II) ended by a capillary with a variable diameter ( 1 or 2 mm). The organic solution trickles down in a regular flowrate. The temperatures of the dissolution reactor and of the flowing down device are controlled.
Operuting conditions
For the experiment, first ketoprofen is dissolved in the dissolution reactor containing pure acetone at high temperature, T,, which ranged between 48 and SO "C. The dissolution time of ketoprofen is fixed at 2 h for all experiments. Then water containing a polyvinylic alcohol, mowiol 8-88 (0 to 500X 10e6 kg mowiol kg-' solution) is placed in a agitated crystallizer, and maintained at a temperature T2 lower than T,.
The relative proportion of ketoprofen/acetone has been chosen in accordance with the solubility curve of the ketoprofen in pure acetone. The boiling temperature of solution gives the maximum temperature T, while the difference of temperature ( T, -Tz) is changed in the process by modifying 12.
The acetone + ketoprofen mixture is introduced at a constant flowrate into the aqueous solution. In the crystallizer, an emulsion is formed and in few minutes these droplets are transformed into spherical solid grains.
The system is thermally controlled at T2 and the agitation of the system is maintained for at least 20 min. During this time, for a few experiments, sampling of suspension is carried out with a steel tube and a syringe, 50 ml in volume. These samples ( 1 to 2 ml) are immediately filtered with 0.45 km filters and preserved in order to follow the concentration of acetone and ketoprofen in the continuous phase.
At the end of the experiment, the agglomerated crystals are recovered by filtration, washed with distilled water and dried in a drying oven at 50 "C for more than 24 h.
The operating parameters of the experiment are the flowrate of the ketoprofen + acetone solution, the stirring rate in the crystallizer, the difference of temperature (T, -T2), the diameter of capillary ending the pouring system and the residence time of the agglomerates in the crystallizer. The parameters characterizing the relative proportions of the compounds of the solutions are ketoprofen/acetone, acetone/ water and mowiol/water ratios.
2.3. Amzlytical method 2.3.1. Solid characterization The texture and the structure of grains obtained have been characterized by several techniques.
The flowability of grains is investigated by measuring the time, t,, required for 100 g of grains to flow through a calibrated funnel. The flow has been recorded by a video camera in order to analyse the flow consistency. From the video film, the volume of grains falling in the graduated test tube is noted as a function of time.
Before this flow test, grains are divided twice into eight statistically equal samples by a RESCHT divider to measure their size and to observe their structures.
The median size and size distribution of a sample is measured by a laser sizer GALA1 CIS-1. The grains are suspended in distilled water in the cell of a laser sizer with a peristaltic pump for 5 min. Water is a non-solvent [ 1 ] and improves the dispersion of agglomerated grains. The mass of grains used is about 2 g. The GALA1 system of analysis gives access to statistical data. These statistical data, for example, are the size distribution in number, surface and volume. In this work, the results are presented in terms of volume. The mean diameter, &, and the standard deviation, (TV, are respectively given by the following equations:
(1)
where dn, is the number percentage of particles with a mean diameter in class i equal to ( &)i. The median diameter corresponds to the size at which the cumulative distribution curve equals 50%. The particles with a size smaller than 100 km have here been called fine and those with a size greater than 500 pm are called coarse particles. The median diameter, the mean diameter, the standard deviation and the percentages of fine and coarse particles will be given as results of the distribution for each experiment. In order to observe the shape, the surface topographies and the internal structures of grains we have used a scanning electronic microscope (SEM)
The apparent densities have been obtained by means of a Hosokawa powder analyser. A mass of grains corresponding to 100 cm3 in volume has been measured, before and after 10, 100, 200, 400 and 500 tappings; 500 are necessary to obtained the tapped apparent density. The apparent density, P"PP' and tapped apparent density. pfapp, are given by the equations pa,,=% (g cm+> where m, is the initial mass and mzOO is the mass after 500 tappings.
Liquid analysis
During the experiments, in order to investigate the diffusion process of acetone and ketoprofen, concentrations of those products are regularly measured in the continuous phase by high performance liquid chromatography. During the first seconds of the experiment, it is very difficult to separate the dispersed phase from the continuous phase: the droplets go through the filter and so the concentrations of acetone and ketoprofen in the continuous phase cannot be obtained.
Preliminary experiments

I. Strength of grains
During the analysis, the grains can be submitted to stresses modifying their size and shape. To analyse these stresses, tests of fragility have been carried out. Measurements of mean and median diameters and standard deviation against the circulation time in the peristaltic pump used in size analysis have shown that the pump does not break the grains. In Table 1 , size distributions of grains, before and after tapping tests. are reported for a standard experiment. The size distribution is shifted to smaller values.
Experiment reproducibility
Crystallization process reproducibility has been tested. Table 2 summarizes the operating conditions of these experiments. It can be seen that there are small differences of pouring flowrates and of mowiol concentration between these experiments. The results of these experiments, reported in the same table, show good reproducibility. The apparent densities and the tapped apparent densities are the same and the concentrations of acetone in mother liquors are quasi-equal: &7% from the mean value. On the other hand, the concentrations of ketoprofen do not seem reproducible. This heter- ogeneity could be developed during filtration or during sampling of the solution or from a very quick evolution of sample concentration with time. However, the absence of reproducibility of ketoprofen concentrations must be minimized because these concentrations are lower than 2000 ppm. The error made during the quantity determination is lower than 1%. The diameters of grains are reproducible about 2 to 4% around the mean value. Finally, the reproducibility of process experiments based on size distribution can be considered as satisfactory.
Experimental results
The operating conditions of the different experiments are summarized in Table 3 . Experiments are carried out over 20 min because the composition of the continuous phase becomes almost constant after this period. Two experiments have required more time (experiments 10 and 22). Experiments at different stirring rates have determined an operating range. The minimal stirring rate equal to 402 rpm corresponds to the stirring rate under which spherical grains adhere to each other in the crystallizer after 20 min. The upper limit (664 rpm) is fixed by the design of the equipment.
Solvent transfer
The transfer of solvents is influenced by several factors. The influence of the following parameters on the mass transfer of acetone are discussed here: the initial temperature T2 and the acetone/water, mowiollwater and ketoprofenlacetone ratios.
In order to investigate the contribution of temperature, T, has been maintained at a constant value as T2 has been varied. Experiments have been carried out with three different temperatures T2. The results are shown in Fig. 2(a) and (b) . The final mass fraction of acetone in the continuous phase increases by increasing the temperature and tends towards a maximum equal to W,l( 1 + W,). A low difference of initial temperatures between the two phases accelerates the mass transfer of acetone outside the droplets. However, we have observed that this low difference leads to an agglomeration of grains in the crystallizer. Fig. 2(b) shows that the mass fraction of ketoprofen reaches a maximum and then decreases down to a quasi-constant mass fraction. For the experiment 1000 -m=t 'b Ok.,.,.,.,.,.,.,.,.,. with a temperature TZ of 48.6 "C, the maximum mass fraction reaches 3733 ppm. In that case, it can be assumed that an excess of ketoprofen is carried out by a strong flux of organic phase. Then, ketoprofen crystallizes and the formed crystals stick on the grains, leading to a decrease of mass fraction of dissolved ketoprofen in the continuous phase. Experiments have been carried out with three different mass ratios, 0.026, 0.054 and 0.078 kg acetone/kg water. Fig. 3(a) and (b) show respectively the influence of this parameter on the mass fraction of acetone and of ketoprofen in the continuous phase. The maximum mass fraction of acetone increases when the initial ratio increases (Fig. 3(a) ). According to Fig. 3 (b) , the initial value of ketoprofen mass fraction increases when the ratio of acetone/water increases. But the initial ratio of acetone/water does not influence the final mass fraction of ketoprofen in the continuous phase. This mass fraction is constant and equal to 505 + 52 ppm.
Two ratios of mowiol/water have been studied, 223 X 10Ph and 5 12 X 10Ph kg mowiol/kg water. The final mass fractions of acetone and ketoprofen in solution are not influenced by the ratio of mowiol/water.
In the same way, the evolution of the mass fraction of acetone in the continuous phase is not influenced by the ratio of ketoprofen/acetone.
According to our results two basic parameters influence this transfer: the difference of temperatures (T, -T2) and the initial mass ratio (acetone/water). 
Grain properties 4.2.1. Apparent densities
The apparent densities of agglomerates depend on the flowrate at which the ketoprofen solution was poured. Apparent density and tapped apparent density, for experiments 4 to 9, decrease when the flowrate increases. For flowrates higher than 2.4 cm3 sP ', the apparent density and tapped apparent density remain constant and respectively equal to 0.47 and 0.50 g cmP3. However, a flowrate lower than 0.3 cm3 s-' permits us to obtain an apparent density equal to 0.53 g cm-' and a tapped apparent density equal to 0.6 I g cm '. These two values are interesting to give adequate properties of comprimability to the drug. The evolution of apparent densities in accordance with tapping number and different flowrate values has been studied. We have noted that the densities increase sharply from the first 10 tappings. Then the apparent densities continue to increase more slowly. These densities remain constant after 200 tappings.
From results corresponding to experiments 8, 10, 1 I, 12 and 13, the difference of temperature (AT= T, -T2) does not have a significant effect on the apparent densities. When AT is small (for AT= 10 "C and smaller values) agglomeration of grains has been observed in the crystallizer. This agglomeration begins after about 20 min. For higher AT ( = 40 "C), the required residence time is higher than 20 min: zrains need 60 min to solidify. An experiment with A Tequal to zero has been done. The grains formed are agglomerated and need 35 min to solidify. The results concerning the influence of tapping number on apparent densities are identical to results observed during the study of the influence of flowrate.
Two stirring rates have been studied: 5 16 and 664 rpm. In the presented results, the dissipated power and the rate of breaking the pouring jet vary from one experiment to another. The dissipated powers are given in Table 3 . The apparent densities are not modified by agitation.
Two diameters of pouring capillary have been used: 1 and 2 mm (experiments 1 and 6). The study has been made with a constant linear rate. This diameter has no influence on apparent densities. Fig. 4 shows the influence of the relative proportions of acetone/water on the apparent densities for experiments 8. 16, 17 and 18. The variation of this ratio involves the variation of the suspension volume into the crystallizer. In practice, to increase the ratio of acetone/water, the mass of water has to be decreased because of the limited capacity of the dissolution reactor. Therefore, the dissipated power is modified even if the stirring rate is kept constant. Identical stirring rates lead to the same break ofjet. Points I,2 and 3 on Fig. 4 correspond to the same stirring rate (5 16 rpm), and points I, 2 and 4 are made for the same dissipated power. At constant dissipated power, the apparent densities decrease when the ratio of acetone/water increases. But for constant stirring rate, the ratio of acetone/water has no influence on the apparent densities. Table 4 Influence of flowrate on distribution size The Carr index is equal to the relative difference between the apparent tapped density and the apparent density. Fig. 4 shows that these two apparent densities are quasi-equal for a mass ratio equal to 0.055 kg acetone/kg water. So, for identical stirring rates, but with different dissipated powers, the Carr index decreases. The decrease of this index leads to a better flowability of grains.
Three relative proportions of mowiol/water have been studied: 0, 230X lop6 and 960X 10eh kg mowiol/kg water (experiments 5, 19 and 29). These experiments have shown that an emulsifier is necessary to form the droplets (experiment 29) and for high mowiol/water a coalescence of grains is observed (experiment 19). This agglomeration leads to an important loss of product during filtration. Apparent density sharply increases when the relative proportion of mowiol/ water decreases.
Size distribution
The results of size analysis are reported in Table 4 . The size analysis shows that the median diameter and the percentage of coarse grains decrease when the flowrate increases and the percentage of fine particles is quasi-constant. However after the tapping tests, the size distributions are the same for all flowrates. Table 5 gives the results of size analysis as function of AT. When AT increases, the median diameter and the percentage of fine particles decrease.
The median diameter is reduced and the percentage of fine particles enlarges when the stirring rate increases (from 26% for 5 16 rpm to 3 1% for 664 rpm) . The mean diameter of grains increases from 220 to 270 pm when the diameter of the capillary increases.
Experiments 8, 16, 17 and 18, reported in Table 6 , show that an increase of the acetone/water ratio causes an increase of the median diameter (234 urn for experiment 17 and 474 pm for experiment 18) and an increase in the number of coarse particles. The percentage of fine particles increases when the acetone/ water ratio decreases.
Median diameter and percentage of coarse particles are enlarged by an increase of relative proportion of mowiol/ water (because of the agglomeration phenomenon).
The percentage of fine particles is high (between 19 and 25%). When the ketoprofen ratio decreases (for experiments 8 and 20)) the percentage of fine particles seems to decrease. 
Flowability
All samples have flow time ranged between 7.5 and 13 s. Only two experiments lead to a flow time higher than 15 s (experiments I9 and 11) . These results have been compared to results obtained with glass balls with a mean diameterequal to 250 Km. In that case, the flow time is equal to 3 s. So the flowability of grains is good while their flow times are higher than those of glass balls. Properties of the product can explain this difference. The study of flow by camera has shown that the flow is not regular.
Grain structure
SEM photographs of the agglomerated crystals of ketoprofen have shown that two shapes of agglomerates and two internal structures can be found.
I. External structure
Spherical grains (Fig. 5(a), experiment 13 ) and nonspherical grains (Fig. 5(b) , experiment 18) are obtained. Among non-spherical grains, some are elongated (Fig. 5 (b) ) and some are deformed spheres (Fig. 5(c) ) . Three parameters have an influence on the form of the grains: difference of initial temperature, initial concentration of mowiol and initial ratio of acetone/water. The sphericity of grains decreases when the acetone/ water ratio increases. For a ratio higher than 0.060 kg acetone/kg water, we have systematically found elongated grains. The difference of temperature and the concentration of mowiol can lead to coalescence of droplets or to agglomeration of grains in the crystallizer. Fig. 6 (a) (experiment 10, AT= 9.4 "C) and Fig. 6 (b) (experiment 19: 966 ppm mowiol) show respectively the coalescence of droplets before the crystallization and agglomeration of grains. Fig. 6(c) displays the distortion of droplets during the process due to an high concentration of mowiol (experiment 19). The grains in Fig. 6(b) have an external surface rougher than those obtained with lower concentration of mowiol (Fig. 7(a) , experiment 4). The difference of temperature also seems to have an effect on the surface of grains. Fig. 7 (a) (AT< 35 "C) and Fig. 7 (b) (AT> 35 "C, experiment 13) exhibit different surface states. For AT lower than 35 "C, the faces of crystals on the surface are perceptible (Fig. 7(a) ), and for AT higher than 35 "C, developed faces are oblique and disorganized (Fig. 7(b) ) The mechanism of grain formation varies as a function of AT.
Moreover, several holes randomly scattered over the surface of all the agglomerates have been observed. Two explanations can be given: l these holes may be created by impacts (impacts of agglomerates/stirrer, impacts of agglomerates/baffles) l inter-facial movements caused by opposite mass transfers of two solvents can create brutal jets of solvents that run through the inter-facial crust [ 41.
Internal structure
A cut made on grains has permitted us to observe internal structures. Two types of internal structure exist: 0 hollow spherical agglomerates (see Fig. 8 (a) ) l full spherical agglomerates (see Fig. 8 (b) ) .
The hollow grains have a dense crust in which the crystals seem to have two orientations. On the edge of the grain, the longest faces of the crystals are perpendicular to the radius of the grain. These crystals form the first crust. From this first crust, other crystals are developed: their longest faces are now parallel to the radius of the grain (see Fig. 8 (c) ) . These crystals form the second crust.
The internal structure depends essentially on the difference of temperatures between the two phases and on the initial ratio of acetone/water. In the hollow grains, the thickness of the crust surrounding the grains is a function of the difference of temperature ( T, -T2). When this difference decreases, the thickness of the crust increases and this crust becomes more dense. So we can suppose that only one crust is formed for A T higher than 35 "C. The single presence of the second crust explains the difference of external surface for AT higher than 35 "C. Fig. 8(a) , (b) and (d) illustrate the influence of ratio of acetone/water on the internal structures for ratios equal respectively to 0.023,0.052 and 0.078 kg acetone/kg water. In this case, the crust observed occupies all the grain and becomes dense when the initial ratio increases. These differences of internal structures explain the low Cat-r index obtained for the initial ratio equal to 0.055 kg acetone/kg water (see Section 4.2.1, Fig. 4 ). Full grains are formed when the initial ratio becomes higher than 0.05 kg acetone/ kg water. The other grains have a hollow structure.
Mechanism of formation of grains
The different structures obtained by varying the two main operating parameters (difference of initial temperature and acetone/water ratio) are illustrated by Fig. 9 . Three steps must be taken into account to explain the formation of the grains: formation of droplets, creation of supersaturation and crystallization of ketoprofen into droplets. When the droplets are formed, three phenomena are in competition: mass transfer, heat transfer and internal hydrodynamic circulation.
Size of droplets
The initial size of droplets influences the importance of the previously cited phenomena. The size of droplets depends essentially on the flowrate of the organic solution, on the diameter of the falling jet, on the proportion of mowiol in water and on the stirring rate. The size of droplets induces the different internal structures observed: those with one crust, with two crusts, and full internal structure. The mechanism of formation is summarized in Fig. 10 . The various steps described are explained below.
Creation of supersaturation
The heat and mass transfers lead the droplet to a supersaturation state allowing crystallization. This has been studied separately from equilibria data. Here, we divide the droplet into different concentric layers in order to analyse the supersaturation in the droplet. The supersaturation ratio in a layer j is called s'. The layers are numbered from the solid/liquid interface.
Determination of equilibrium data of the ketoprofen/acetone/water system has shown that the solubility ofketoprofen increases in the acetone + water solvent as the temperature increases [ 51. So, the temperature of hot droplets formed in the cold continuous phase decreases from the interface to the centre. The droplet develops a higher supersaturation ratio at its surface than in its centre (S' > S' > S3 > 5"' > S5.. ) . Therefore, by creating a difference of temperature (T, -T2), the crystals of ketoprofen appear preferentially at the interface.
Moreover, for the ternary system, ketoprofen/acetone/ water, at constant temperature, the solubility of ketoprofen increases for low water percentage, then decreases when the water proportion increases (see part A of this work [ 61) . If water enters into the droplet at constant temperature, the concentration of water decreases as the radius decreases. But, when the mass ratio of acetone/water is higher than 0.67 kg acetone/kg water + acetone mixture, the solubility of ketoprofen reaches a maximum for a value between 0.86 and 0.93 kg acetone/kg water + acetone mixture and the supersaturation cannot be reached only by water addition [ 51. The temperature of the droplet must also be reduced for the creation of supersaturation. So, by combining the effect of temperature and water penetration, the profile of supersaturation ratio can be for example: S' > S* > S" and S' <Y' and X' > S5 > s" with S' < s". So with such a profile crystals can appear everywhere in the droplet. The internal circulation homogenizes the concentration in the droplet.
Ctytallization
The internal structures can be explained from the importance of the different phenomena.
Grains with a hole
These grains are formed from small droplets: the diameter of the droplet is lower than a critical diameter. The magnitude of the critical diameter can be calculated by modelling the transfer in the droplets [ 71.
6.3.1.1. Grains with one crust When the difference of temperature between the organic phase and the aqueous phase is large (A T higher than 35 "C), one crust is formed by thermal effect. This crust then reduces the mass transfer of solvents. In this crust, the crystals have no preferential direction. This phenomenon is frequently encountered in the spray drying process. Grains with two crusts 7. Conclusion When the difference of temperature is lower than 35 "C, most grains have a crust with two juxtaposed solid layers at their periphery. In that case, the mass transfer and the internal hydrodynamics are in competition.
Since the supersaturation limit is reached preferentially at the interface, the crystals appear at the surface of the grains. The liquid circulates in the droplet at rates higher than those produced by the mass transfer. These hydrodynamic movements allow the first crystals to grow. Since this circulation follows the periphery of the droplet, the growth of faces that are perpendicular to the movement is favoured [ 81. The longest faces of crystals are perpendicular to the radius of the grain. These crystals form the first crust. When this crust becomes compact, internal circulation is reduced so only mass transfer continues through the first porous crust and the crystals grow in a direction parallel to the flux of transport or to the radius of the grain. These crystals form the second crust. They probably continue to grow during drying.
This work gives an analysis of spherical crystallization experiments carried out in a batch laboratory scale device. The influences of operating parameters have been studied: difference of temperature; initial mass ratios of acetone/ water, mowiol/water, and ketoprofen/acetone; organic solution flowrate; stirring rate, and capillary diameter. The analysis of these influences has permitted us to propose a mechanism of grain formation. This mechanism involves three steps: formation of droplets, creation of supersaturation by mass and heat transfer, and crystallization of ketoprofen in the droplets.
Three internal structures have been identified: 0 internal structure with one crust l internal structure with two crusts 0 full internal structure.
The internal structure of grains depends on the initial size of droplets because this size governs the importance of phenomena occurring in the droplets. Modelling of grain formation has been published elsewhere [ 71.
Full grains
Grains are formed from droplets with a diameter larger than the critical diameter. In that case, the internal liquid circulation created in the droplet is less important than that produced by the mass transfer. Since the rates of mass transfer are important, the induction time preceding the nucleation is very long (see part A of this work [ 61) . The internal circulation favours mixing in the liquid droplet. In these conditions, when nucleation occurs, the fine nuclei agglomerate to create a network of fine pores. In addition, ketoprofen presents a narrow metastable zone in the presence of crystals (part A of this work). Primary nucleation is then followed by secondary nucleation in the droplet. A full grain is then created after these two waves of nucleation.
